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j.2013.02Abstract Negative skin friction is considered one of the problems in the design of piled founda-
tions in soft soil. The negative skin friction induces an additional compressive force on the pile
called the dragload as well as, an additional pile movement called the downdrag. Ignoring the effect
of negative skin friction in the design of piles leads to structural, and serviceability problems. The
dragload depends on various factors such as, pile characteristics (method of installation, material,
and surface treatment), soil properties (shear strength and compressibility), pile–soil relative move-
ment, and degree of consolidation.
In this paper, an axisymmetric ﬁnite element model was used to simulate, and analyze the pile–
soil interaction problem of negative skin friction. The soft soil was simulated by the double hard-
ening soil model, and the pile was described by a linear elastic model. A ﬁeld case study for two
instrumented end bearing driven pipe precast concrete piles in Bangkok soft clay was back ana-
lyzed. The various approaches to model the pile element, and load conﬁgurations were analyzed,
and compared. An extensive parametric study was carried out to investigate the effect of different
factors on the dragload value, neutral plane location, slip length, and pile movement.
ª 2013 Housing and Building National Research Center. Production and hosting by Elsevier B.V.
All rights reserved.Introduction
A relative movement between pile and soil produces a shear
stress along the pile–soil interface. The downward movementdis.de (Y.M. El-Mossallamy).
using and Building National
g by Elsevier
g National Research Center. Produ
.006of the consolidating soft soil causes a downward force along
the pile–soil interface. The effect of this downdrag is termed
‘‘negative skin friction’’. The dragload is developed due to
the consolidation of soft soil surrounding the pile. The consol-
idation arises from a number of causes, such as surface loading
of the soft soil, the soil remolding due to pile driving, the with-
drawal of ground water, and the oscillation of sea water level
in case of piles supporting coastal structures. The dragload is
time dependent because it is related to the magnitude of excess
pore water pressure. The dissipation of excess pore water pres-
sure results in: (a) settlement of the soil which means increase
in soil–pile relative movement, and (b) increase in the pile–soilction and hosting by Elsevier B.V. All rights reserved.
Fig. 1 Embankment, instrumented piles, and ground monitoring systems. (After Indraratna et al. [7]).
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Fig. 2 The model ﬁnite element mesh.
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Fig. 3 The effect of model radius on the soil surface settlement
at axis of symmetry.
Numerical analysis of negative skin friction on piles in soft clay 69interface strength associated with the increase in soil effective
stress. According to Fellenius [1], the neutral plane is the plane
where there is no relative movement between the pile and the
soil. Fellenius [1] also indicated that the greater the pile toe
resistance, the deeper the neutral plane, and the larger the
dragload.
Johannessen and Bjerrum [2], Fellenius [3,4], Blanchet et al.
[5], Bozozuk [6], and Indraratna et al. [7] performed ﬁeld mea-
surements on instrumented piles. These measurements revealed
that the dragload value may be large enough to cause pile
structural failure. Also, the downdrag may lead to serviceabil-
ity problems.
Numerical analysis was extensively used to study the effect
of negative skin friction on piles. Poorooshasb et al. [8] indi-
cated that the neutral plane location is not highly affected by
the surcharge value. Lee et al. [9] carried out a ﬁnite element
numerical analysis. The results of this analysis showed that
an end bearing pile experiences more dragload and less down-
drag than a ﬂoating pile. Jeong et al. [10] investigated the effect
of magnitude of pile head load on the value of dragload for a
single pile and pile group through a three dimensional ﬁnite
element analysis. The increase in the value of pile head load
after full development of dragload resulted in a reduction in
the dragload value. Lee and Ng [11] performed an axisymmet-
ric ﬁnite element analysis for an end bearing pile, and reported
that the softer the consolidating clay, the greater the difference
in the computed dragload from both elastic analysis and slipanalysis. Chen et al. [12] indicated that the one dimensional
consolidation theory of Terzaghi overestimates the dragload
affecting the pile.
Case study
High rise buildings in Bangkok are often supported on driven
piles. Consolidation of soft Bangkok clay results in a negative
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Fig. 4 The effect of model radius on the soil surface settlement
on the right side model’s boundary.
70 Y.M. El-Mossallamy et al.skin friction along the pile–soil interface. Indraratna et al. [7]
performed full scale ﬁeld measurements for two instrumented
precast concrete piles in a site 10 km east of Bangkok. In the
test site, the subsoil consists of a thick layer of marine clay
underlain by a sand layer. The marine clay could be classiﬁed
into four layers based on water content, over consolidation ra-
tio, and strength: a weathered clay crust whose thickness is
about 4 m, underlain by a soft clay layer of 16 m thick, over-
lying a medium stiff clay layer of 4 m thick, followed by a
3 m stiff clay layer, that overly a sand layer. The ground water
table is at a depth of 2 m below the natural ground surface.
Two hollow prestressed, precast concrete piles were driven
25 m below the ground surface. Pile outer, and inner diameters
were 400 and 250 mm, respectively. One of the two piles was
coated with a bitumen layer along its upper 20 m length, and
the other pile was uncoated. Each instrumented pile was di-
vided into six segments. Five segments were 4 m in length,
and the upper one was 7 m in length. Strain gage based load
cells were installed at the segments joints, and at the pile toe.
Telltale rods were used to measure the pile movements.
Hydraulic piezometers were used to monitor the pore water
pressure variations along the pile length. After pile driving,
an embankment 24 · 14 m with a height of 2 m, and side slopes
2:1 was constructed within 3 days. The embankment provided
a surcharge load resulted in soil consolidation, which caused a
negative skin friction along the pile–soil interface. Loads and
settlement measurements were recorded over a period of
265 days. Fig. 1 shows all the test elements including the
embankment, instrumented piles, and ground monitoring
systems. Indraratna et al. [7] utilized the pile axial loadTable 1 Soil properties in case of uncoated pile.
Soil cluster c (kN/m3) C (kPa) /o Eu50ref Euoedref
Fill 17 0 30 50,000 50,000
Weathered crust (0–2 m) 17 0 25 6500 6500
Weathered crust (2–4 m) 17 0 25 9000 9000
Soft clay 15.5 0 13 7000 7000
Medium stiﬀ clay 19 10 16 8750 8750
Stiﬀ clay 19.5 60 30 20,000 20,000
Sand 20 0 35 55000 55,000distribution with depth obtained from the load cells, to plot
the skin friction along the pile length. For the uncoated pile,
the maximum negative skin friction (NSF) was 15.7 kPa at
11 m below the ground surface. The neutral plane (NP) was
located at about 17.5 m below the ground surface. For the
bitumen coated pile, the negative skin friction was almost
uniform. The maximum negative skin friction was 5 kPa.
The bitumen coating reduced the maximum negative skin
friction by about 68%. The position of the neutral plane was
almost the same for both coated and uncoated piles.
The case history was back-analyzed using an axisymmetric
ﬁnite element model, in order to verify the suitability of the ﬁ-
nite element analysis to be used afterward in studying the dif-
ferent parameters affecting the behavior of a pile subjected to a
dragload.
Finite element modeling
Finite element mesh and boundary conditions
In the back-analysis, the problem was simpliﬁed into an equiv-
alent axisymmetric model for a single pile. PLAXIS ﬁnite ele-
ment code was used in this study. The soil clusters were
simulated by 15-node toroidal triangular elements. These ele-
ments provide a fourth order interpolation for displacements,
and the numerical integration involves 12 Gauss points. Com-
patible interface elements with ﬁve node pairs were used to
simulate the pile–soil interaction. The pile was simulated by
two different methods. In the ﬁrst method, the pile was simu-
lated by a solid cluster formed by the prementioned toroidal
triangular elements. The second method used a plate structural
element to model the pile. As shown in Fig. 2, the automati-
cally generated mesh is very ﬁne in the regions of high stress
gradient. The element size increases gradually toward the
boundaries, in order to decrease the computational analysis
time.
Sensitivity analysis was carried out to determine the appro-
priate model radius. In the beginning, the model radius was
determined based on Randolph and Wroth [13] formula, which
idealizes the soil around the pile shaft into shearing concentric
cylinders:
rm ¼ 2:5Lqð1 tÞ ð1Þ
where ‘‘rm’’ is the effective radius of inﬂuence, ‘‘L’’ is the pile
length, ‘‘q’’ is an inhomogenity factor which equals the ratio
of shear modulus at the pile mid depth to that at the pile base,
‘‘t’’ is the soil Poisson’s ratio.
Assuming inhomogenity factor equals unity, the required
effective radius of inﬂuence was 50 m. The analysis resultsEuur m K (m/day) mur E050ref E0oedref E0ur Rinter
15,0000 0.5 1 0.2 50,000 50,000 15,0000 0.2
25,500 1 0.008 0.2 1465 1465 4395 0.65
27,000 1 0.008 0.2 1470 1470 4410 0.80
21,000 1 0.008 0.2 800 800 2400 1.00
25,500 1 0.004 0.2 5000 5000 15,000 0.85
60,000 0.8 0.004 0.2 20,000 20,000 60,000 0.70
1,65,000 0.5 1 0.2 55,000 55,000 16,5000 –
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Fig. 5 Measured, and calculated settlement below center of
embankment with time.
Numerical analysis of negative skin friction on piles in soft clay 71based on 50 m radius model, showed 11 mm soil surface settle-
ment at the right side boundary. The model radius value based
on Eq. (1) is insufﬁcient due to the distinction in the loading
condition adopted in the current analysis, and that of Ran-
dolph and Wroth formula. The formula was derived for a sin-
gle pile without surcharge, while in the current analysis the
embankment dimensions affect the value of radius of inﬂuence.
Sensitivity analysis was carried out, in order to determine
the appropriate model radius. Fig. 3 shows the relationship be-
tween the maximum soil surface settlement at the model axe of
symmetry, and the model radius value. Increasing the radius
value beyond 70 m does not affect the value of maximum set-
tlement. Fig. 4 presents the relationship between the model ra-
dius and the soil settlement at the model’s right side boundary.
Increasing the model radius is accompanied by a decrease in
the soil surface settlement at the right side boundary. A 90 m
radius is considered a suitable value at which the deformations
at the boundary were about 0.3% of the maximum settlement,
which is a small value that can be neglected. The chosen model
radius equal to 90 m is large enough to avoid any boundary ef-
fects on the analysis results. The bottom boundary of the mod-
el lays at a depth equal to 50 m below the ground surface. The
clearance between the pile toe and the bottom boundary equals
the pile length.-25
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Fig. 6 Measured, and calculated skiConstitutive models and material parameters
In this analysis, the pile was represented by the linear elastic
model. The double hardening soil model was used to simulate
the soil behavior. Interface elements were placed between pile
and soil to provide a full interaction between them. The inter-
face element roughness is given by a strength reduction factor
(Rinter). An elasto-plastic model with Mohr–Coloumb yield cri-
terion is used to deﬁne the interface behavior.
Soil properties implemented in the ﬁnite element model
were estimated based on: ﬁeld data, mathematical solutions,
graphical solutions, and back calculations. Table 1 presents
the soil material properties adopted in the numerical model.
Parnploy [14] suggested the following correlations between
Eu and E
0 for Bangkok clay:
Eu ¼ 6:67E0 for very soft clay ð2Þ
Eu ¼ 3:85E0 for very clay ð3Þ
Eu ¼ 1:75E0 for medium soft clay ð4Þ
Bergado et al. [15] recommended the following correlation
between Eu and E
0 for Bangkok clay:
Eu ¼ 10E0 ð5Þ
In this analysis, the undrained consolidating soil behavior is
modeled on the basis of effective soil parameters. The formu-
lation of PLAXIS ﬁnite element code assumes a constant value
of shear modulus for both undrained and drained conditions.
This assumption yields the following relation:
Eu ¼ ð1:03 1:36ÞE0 m ¼ 0:10–0:45 ð6Þ
where Eu is the undrained stiffness modulus and E
0 is the
drained stiffness modulus.
Applying this relation leads to an unrealistic high elastic
deformation value in the undrained condition for soft and med-
ium stiff clays. To overcome this problem just after embankment
construction, a simple modiﬁcation was introduced to the mate-
rial properties deﬁned in the numericalmodel. Twomaterial sets
were assigned to the soil layers. The ﬁrst one named ‘‘short term
material set’’ was assigned to the soil clusters in the immediate10 20 30 40 50
Shear stress (kpa)
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n friction along the uncoated pile.
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Fig. 7 Measured and calculated skin friction along the coated pile.
Table 2 Back-analysis results for uncoated pile.
Output Measured
value
Calculated
value
%Diﬀerence
Surface settlement
after 265 days (mm)
325.8 293 10%
Neutral plane
depth (m)
17.5 14.6 16.57%
Max. NSF (kPa) 16 15.35 4%
Slip length (m) 11 10.9 0.9%
Table 3 Back analysis results for bitumen coated pile.
Output Measured
value
Calculated
value
%Diﬀerence
Neutral plane depth (m) 17.5 15.9 9.14%
Max. NSF (kPa) 5 5.32 +6.4%
Slip length (m) 14 11 21.43%
72 Y.M. El-Mossallamy et al.settlement calculation phase. The second set represents the long
term properties of the soil during the consolidation process, and
indicated by ‘‘long term material set’’. The difference between
the two material sets is the stiffness modulus value. A relatively
higher value of stiffness modulus was deﬁned for the short term
set to represent the undrained soil performance just after load
application with Eu = 8.75E
0.
The equivalent coefﬁcient of permeability (K) for the con-
solidating layers (weathered crust and soft clay) was calculated
using the ﬁeld consolidation curve.
Pile properties
An equivalent solid pile was used to simulate the real hollow
reinforced concrete pile. Equivalent stiffness and density of
reinforced concrete were calculated for the solid pile. The
properties of the equivalent solid pile are as follows:Pile diameter = 400 mm.
Equivalent stiffness modulus = 1.83 · 107 kPa.
Density = 15.2 KN/m3.
Poisson’s ratio = 0.2.
Load simulation and calculation phases
The real embankment dimensions were 24 · 14 m base, 2 m
height, and 2:1 side slopes, the embankment unit weight was
17 kN/m3; these parameters yielded a contact stress (P) equals
21.8 kPa. The total unit weight of the embankment was
7344 kN. In the numerical model, the embankment was re-
placed by an equivalent truncated cone, which results in the
same average contact stress, and total weight.
The phases used for the numerical simulation of the prob-
lem are:
(1) Immediate settlement step: in the immediate settlement
step, the soil settlement just after load application was
calculated. Short term material set was used to simulate
the soil behavior.
(2) Primary consolidation steps: the immediate step is fol-
lowed by consolidation steps. Four steps were used to
simulate the primary consolidation process. Each step
has an incremental time interval to simulate the different
rates of primary consolidation. The primary consolida-
tion was monitored at the times: 25, 92, 156, and
265 days after load application.
Comparison between back analysis results and ﬁeld
measurements
The comparison between the back analysis results and the ﬁeld
measurements is presented in Figs. 5–7, and summarized in
Tables 2 and 3. Fig. 5 shows that there is a good agreement
between the measured and calculated performance. The mea-
sured surface settlement below the center of the embankment
after 265 days from load application is greater than the
Numerical analysis of negative skin friction on piles in soft clay 73calculated settlement with 10%; this may be due to the effect of
deep pumping in the Bangkok plain. Fig. 6 shows an agree-
ment between the measured and calculated skin friction along
the upper 11 m of the uncoated pile. A signiﬁcant difference
between the two curves is noticed below 11 m depth. The cal-
culated neutral plane is located 14.5 m below the ground sur-
face, which is 3 m above the measured value. Fig. 7 shows
an agreement between the measured and calculated skin fric-
tion along the depth (2 to 11 m) of the coated pile. The
back-analysis showed that the bitumen coated pile-soft clay
interface strength is equal to 40% of the uncoated pile-soft clayTable 4 Pipe pile characteristics.
Density
(kN/m3)
Outer
diameter (mm)
Inner
diameter
(mm)
Stiﬀness
modulus
(kPa)
Poisson’s
ratio
25 400 250 30 · 106 0.2
Table 5 Comparison between pipe and equivalent solid pile
results.
Output Equivalent
solid pile
Pipe
pile
%Diﬀerence
Max. negative skin friction (kPa) 15.35 15.5 +1%
Max. positive skin friction (kPa) 22.2 24.7 +11.26%
Dragload (kN) 193 193.4 +0.2%
Positive shaft force (kN) 114.46 125.45 +9.6%
End bearing force (kN) 78.5 67.95 13.44%
Neutral plane depth (m) 14.6 14.7 +0.68%
Slip length (m) 10.9 11 +0.92%
Pile head movement (mm) 3.95 3.40 13.92%
Pile toe movement (mm) 2.57 2.84 +10.5%
Table 6 Properties of analyzed load conﬁgurations.
Analysis
case
Load
type
r (m) P (kPa) Weight
(kN)
Case (1) Stiﬀ rbase = 10.4, rcrest = 5.5 21.8 7400
Case (2) Flexible 10.4 21.8 7400
Case (3) Flexible 12 16.4 7400
Case (4) Flexible 12 21.8 9862
Table 7 Comparison between the results of the different load conﬁ
Output Measured value Case (1)
Value %Diﬀere
Surface settlement after 265 days. (mm) 325.8 293 10.1%
Neutral plane depth (m) 17.5 14.6 16.57%
Max. NSF (kPa) 16 15.35 4.06%
Slip length (m) 11 10.9 0.91%
Max. PSF (kPa) 45 22.2 50.67%
Pile head movement (mm) ___ 3.4 ___
Pile toe movement (mm) ___ 2.84 ___
* % Difference is calculated referred to the ﬁeld measurements.interface strength. This value of interface strength reduction
factor is close to the results of the direct shear box indicated
by El-Mossallamy et al. [16], the test results revealed that the
shear resistance of the bitumen coated pile equals 30% of
the undrained shear strength of the adjacent soft clay layer.
The problem was reanalyzed using a pipe pile instead of
equivalent solid pile, to investigate the effect of pile modeling
technique on the results. The pipe pile properties used are gi-
ven in Table 4. The results are summarized in Table 5. Fig. 8
shows a complete agreement between the results of skin fric-
tion for both equivalent solid pile and pipe pile, except a slight
difference in the value of positive skin friction (PSF) in the
medium stiff and stiff clay layers. Modeling the pile as a pipe
section instead of an equivalent solid section led to 9.6% in-
crease in the positive shaft force. The increase in the positive
shaft force is attributed to the decrease in the pipe pile bearing
area, which resulted in a reduction in the end bearing force by
13.44%. The neutral plane, dragload, and slip length are al-
most the same. The pile head movement decreased by
0.55 mm, and the pile toe movement increased by 0.27 mm.
The results show small variations between solid and pipe piles,
so both techniques are suitable for pile simulation.
Effect of load conﬁguration
A signiﬁcant difference between the measured and calculated
skin friction distribution below the slip zone was observed.
The difference between the ﬁeld and numerical results can be
explained as follows: The real three dimensional embankment
is truncated pyramid, while in the axisymmetric numerical
model, the embankment was simulated as an equivalent trun-
cated cone with base radius equal to 10.4 m and crest radius of
5.4 m. The equivalent truncated cone yields the same stress and
weight as the real one, but the load inﬂuence depth depends
also on the soil surface stressed area. Therefore, the reduced
equivalent embankment area yielded a smaller load inﬂuence
depth which affected the numerical model results.
To investigate the load conﬁguration effect on the results,
the ﬁll load was simulated by two methods:
 Cluster load: The load was represented by an equivalent
radius truncated conical embankment. The ﬁll was simu-
lated by a stiff soil cluster. The ﬁll material has a high stiff-
ness relative to the underlying soil layer, so this load was
designated as stiff load.gurations.
Case (2) Case (3) Case (4)
nce* Value %Diﬀerence* Value %Diﬀerence* Value %Diﬀerence*
293.33 9.97% 237.54  27.09% 326.18 +0.11%
15.2 13.14% 15.6 10.86% 16.4 6.28%
16.25 +1.5% 16.08 +0.5% 17.37 +8.56%
11.88 +8% 11.66 +6% 13 +18.18%
40.7 9.55% 44.17 1.84% 49 +8.88%
4.79 ___ 5.07 ___ 5.96 ___
4.3 ___ 4.52 ___ 5.53 ___
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Fig. 8 Skin friction along solid, and pipe pile.
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74 Y.M. El-Mossallamy et al. Flexible load: The load was represented by a direct contact
stress over the soil clusters. The characteristics of the ana-
lyzed load conﬁgurations are presented in Table 6. The pur-
pose of case (2) load conﬁguration analysis is to study the
effect of load stiffness on the problem results through acomparison between the results of cases (1) and (2). The
purpose of the analysis of load conﬁgurations (3) and (4)
is to assess the effect of applied load intensity on the results.
The analysis results for different load conﬁgurations are
summarized in Table 7. In this analysis the pile was simulated
as a pipe section.
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Numerical analysis of negative skin friction on piles in soft clay 75The application of a ﬂexible load in case (2) instead of a
stiff load in case (1), led to 83.33% increase in the value of
maximum positive skin friction. Also, the neutral plane was
shifted downward by 4.11%. The maximum negative skin fric-
tion increased by 5.86% accompanied by an increase of 9% in
the slip length. In addition, the pile head, and toe movement
increased by 40.88% and 51.41%, respectively.
In case (3), the surcharge was distributed over a larger ra-
dius, but the weight is the same as that of case (2). The contact
stress was applied over a diameter of 24 m which equals the
real embankment length. The negative skin friction, and slip
length obtained from case (3) are almost the same as those ob-
tained from case (2). The maximum positive skin friction ob-
tained from case (3) is 8.52% more than that obtained from
case (2). Also, the pile head and toe movement in case (3)
are larger than those of case (2) by 5.85% and 5.15%,
respectively.
The deviation of the results obtained from different load
cases in comparison with the ﬁeld measurements is listed in Ta-
ble 7. Case (2) results are considered the closest to the ﬁeld
measurements.
Parametric study
Effect of surcharge radius
Increasing the surcharge area (the same surcharge value) in-
creases the load inﬂuence depth, which results in more consol-
idation. Therefore, the relative soil–pile movement increases
which results in an increase in negative shear stresses. Fig. 9
shows that increasing r/L from 0.42 to 1.2 led to a downward
shifting for the neutral plane equivalent to 18% of the pile
length. The neutral plane coincides with the lower boundary
of the soft clay layer at r/L equals 1.6. Increasing r/L value be-
yond 1.6 did not affect the neutral plane location. The neutral
plane was shifted downward with time as shown in Fig. 10.
Increasing r/L value from 0.42 to 1 led to 36.13% increase in
the slip length. The slip length that remained constant for r/
L values equals 1 to 3.6. As presented in Fig. 11, the increase
in r/L value from 0.42 to 1 resulted in a 56.34% increase in
dragload. The rate of increase of dragload for r/L values great-
er than one can be neglected. The dragload increased by only
2.73% due to the increase in r/L value from 1 to 3.6. The max-
imum value of dragload is reached at ﬁnal consolidation (full
dissipation of excess pore water pressure), as presented in
Fig. 12.The effect of r/L on pile movement is presented in
Fig. 13. Raising r/L value from 0.42 to 1.2 led to an increase
of 241.96%, and 268.32% in the pile head, and toe movement
respectively. The pile head, and toe movement slightly in-
creased by 9.22%, and 9.63%, respectively, due to the increase
of r/L value from 1.2 to 3.6. The pile movement increases with
time due to the continuous dissipation of excess pore water
pressure with time up to ﬁnal consolidation.
Effect of pile–soil interface strength
The pile–soil interface strength plays a principal role in the
problem of negative skin friction on piles. Different values of
interface strength reduction factor (Rinter) were analyzed to
simulate the effect of coating materials used to decrease the
friction between the pile and the soil. The value of Rinter forthe weathered and soft clay layers was reduced to 0.5, 0.4,
0.3, 0.2, and 0.1, respectively. The value of Rinter for the med-
ium stiff and stiff clay layers was kept 0.85 and 0.7, respec-
tively, as same as the case study.
Decreasing the value of Rinter led to a reduction in the drag-
load, because reducing the interface strength makes the inter-
face unable to sustain shear stress, and to resist the soil
movement. Fig. 14 shows a linear proportional relationship be-
tween the dragload and Rinter in the absence of pile head load.
The dragload decreased by 50.71% on decreasing the value of
Rinter adopted in the case study to 0.5. Decreasing Rinter from
0.5 to 0.1 led to 86.47% decrease in the dragload value. The
decrease in the dragload value associated with the decrease
in the interface strength led to a decrease in the positive skin
friction. The slip length decreased by 11.2% of the pile length
due to the reduction of the interface strength by 80%.The va-
lue of Rinter showed a small effect on the neutral plane posi-
tion. The neutral plane was shifted downward by only 3.7%
of the pile length on decreasing the case study Rinter value to
0.5. Also, the reduction of the interface strength by 80%
(decreasing Rinter from 0.5 to 0.1) led to a downward shifting
of the neutral plane by only 3.3% of the pile length. As pre-
mentioned, the decrease in the interface strength is accompa-
nied by a decrease in the dragload which in turn reduced the
pile downdrag. The pile head, and toe movement decreased
by 54.68% and 58.75% as a result of reducing the strength
of the upper 20 m of the interface (the case study) to
Rinter = 0.5. The pile movement was zero in the case of
76 Y.M. El-Mossallamy et al.Rinter = 0.1. Fig. 15 shows the effect of Rinter on pile
movement.
Conclusions
In this paper, the effect of negative skin friction on a single end
bearing pile was investigated. The study showed that the ﬁnite
element method is a perfect tool for analyzing the problem of
negative skin friction, provided suitable constitutive law is
used. The double hardening soil model is appropriate for car-
rying out the consolidation analysis needed to solve the down-
drag problem. The model formulation involves a stress level
dependent stiffness; also the effective shear parameters depend
on the magnitude of excess pore water pressure. The analysis
revealed that the ratio Eu/E
0 = 1.03–1.36 based on assuming
a constant value for the shear modulus in both undrained
and drained conditions is not suitable for problems involving
soft clay. Eu/E
0 ratio should be estimated based on suitable
empirical equations, or results of laboratory tests. The back
analysis of the case study showed that the shear strength of
bitumen coated pile equals 40% of the undrained shear
strength of the adjacent soft clay. Bitumen coating was capable
of reducing the negative shear stress affecting the driven pile by
65%.
A parametric study on the end bearing pile showed that for
each soil parameters, and loading condition, there is a charac-
teristic surcharge radius at which the neutral plane, slip length,
and dragload reach a ﬁxed value which is not affected by any
further increase in the surcharge radius. The magnitude of
pile–soil interface strength has a small effect on the neutral
plane position. The relationship between the pile–soil interface
strength and dragload is a linear direct proportional relation-
ship in the absence of pile head load.
Negative skin friction is considered a structural capacity
problem in case of end bearing piles. In case of ﬂoating pile
it may cause serviceability problem if its effect is not well
considered.
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